M ost of the current knowledge regarding the pathogenesis of heart failure is derived from studies on chronic or end stages of the disease process. However, it could be argued that greater insights into mechanisms responsible for early alterations in contractile function before the onset of severe congestive heart failure and its secondary complications, eg, fibrosis, might be more important, particularly for designing therapeutic strategies to reverse the process. The canine model of pacing-induced heart failure is ideal for such investigations because there is a progressive decline in cardiac function resulting in dilated cardiomyopathy and severe congestive heart failure before the development of significant fibrosis or hypertrophy. 1, 2 This model is characterized by reduced responsiveness to 8-adrenergic receptor stimulation, as is observed in chronic human heart failure.1,3, 4 We recently observed that even after 1 day of pacing, before heart failure was manifest, there was a decrease in isoproterenol-stimulated adenylyl cyclase,' but the physiological response to isoproterenol stimulation was depressed by a much greater amount. 4 Taken together, these data suggest that distal mechanisms, eg, alteration in excitation-contraction coupling, also may be deranged very early in the development of heart failure.
Recently, considerable attention has been directed to alterations in excitation-contraction coupling in the advanced stages of heart failure.2,5-8 At the cellular and molecular levels, however, most of the studies have focused on changes in Ca2+-ATPase9-13 and dihydropyridine-sensitive calcium channels,3,13-17 paying less attention to the sarcoplasmic reticulum (SR) junctional foot process ryanodine receptors.5 '18 Even less is known regarding alterations in excitation-contraction coupling during the initial phase in the cardiac decompensation process.
The goal of the present study was to use the pacinginduced heart failure model to examine ryanodine and dihydropyridine receptors early in the development of the disease, that is, at 1 day after initiating pacing and 4 to 7 weeks later, when severe heart failure is manifest. One major deficiency in many prior in vitro studies derived from failing heart tissue is the absence of a physiological correlate for the altered biochemistry. Accordingly, the present investigation not only includes data on left ventricular (LV) function in chronically instrumented animals as contractile dysfunction was induced, but also the mechanical restitution and postextrasystolic potentiation responses, that is, physiological indices of excitation-contraction coupling,19-23were examined along with the inotropic responses to P-adrenergic receptor stimulation with isoproterenol. Finally, the extent to which these incipient changes in the development of heart failure 1 day after pacing are reversible upon cessation of pacing also was investigated. 
Protocols
Physiological measurements were made after a 30-minute stabilization period after deactivation of pacing. The mechanical restitution response'9-23 was determined before and after 1-day pacing and after 4 to 7 weeks of pacing. To study this, the heart was paced at a constant rate (150 beats per minute) with left atrial pacing until the priming frequency had reached a steady state (up to 3 minutes). Two extrastimuli then were introduced after cessation of steady-state pacing. The interval between the end of steady-state pacing and the first extrastimulus was increased in 50-millisecond increments from 200 milliseconds to 900 milliseconds for the determination of mechanical restitution, while the interval between the first and the second extrastimulus was fixed at 600 milliseconds for the determination of postextrasystolic potentiation. Mechanical restitution and postextrasystolic potentiation were plotted as the response of LV dP/dt to the two extrastimuli. All LV dP/dt values were normalized to the steady-state LV dP/dt of the priming frequency being investigated. where dP/dt (ES) is the maximum dP/dt of the extrasystolic beat and dP/dt (SS) is the maximum dP/dt of the steady state (basic cycle length, 400 milliseconds). TSI1 is the longest stimulus duration at which no mechanical force develops, Tc is the time constant, and CRma, is the plateau value.
Postextrasystolic potentiation curves were also fit to a monoexponential function23:
[dP/dt (PES)7j[dP/dt(SS)]=A.e-PESI/Tc)+B where dP/dt (PES) is the maximum dP/dt of postextrasystolic beats, PESI is the postextrasystolic interval, and B is the plateau value.
In 4 control dogs, LV dP/dt was depressed by a combination of ganglionic blockade and diltiazem (5 to 10 jig/kg per minute) to match the decreased level of contractility that occurred after 1 day of ventricular pacing. In these 4 dogs, mechanical restitution was examined at this reduced level of LV dP/dt. In 3 control dogs, the sensitivity of the mechanical restitution response to changes in preload and afterload was assessed by infusing phenylephrine and nitroglycerin with heart rate constant.
In 6 dogs, the effects of mechanical restitution and of isoproterenol 0.2 jig/kg per minute and in 5 dogs the effects of postextrasystolic potentiation were examined before and 1 day after pacing. In 4 of these dogs, the recovery from 1 day of pacing was also monitored, and the full return of physiological responses to mechanical restitution, postextrasystolic potentiation, isoproterenol, and ryanodine receptor density was confirmed.
Membrane Preparation
After the dogs were anesthetized with sodium pentobarbital (40 to 50 mg/kg), their hearts were excised immediately and placed in iced saline. The left ventricle and septum were weighed, trimmed of fat and connective tissue, and a crude membrane fraction was prepared as previously described.'
Receptor Binding Studies
To optimize the binding conditions for 3H-ryanodine binding, 12 concentrations of membrane protein (10 to 200 jig) were assayed with and without unlabeled ryanodine (10 jiM) and with 50 nmol/L 3H-ryanodine (61.5 Ci/mmol). Incubation was at 37°C for 75 minutes. All assays were performed in triplicate and terminated by rapid filtration through Whatman GF/F filters washed with 4 mL cold buffer (150 mmol/L KCI, 10 mmol/L Tris HCI, pH 7.4). Filters were vortexed in 5 mL Ecoscint and counted in a beta scintillation counter for 5 minutes. Specific binding with 100 jg protein was >90%. The optimal time for incubation when the reaction reached equilibrium was determined by incubating 100 jig of membrane 24 Unlabeled ryanodine (10 ,uM) was used to determine nonspecific binding (Fig 4) . The samples were filtered and counted as before. Because of the biphasic nature of the equilibrium binding curve (Fig 2) The optimal concentration of membrane protein for dihydropyridine binding was determined by assaying varying membrane protein concentrations (10 to 200 ,ug) in dihydropyridine buffer (145 mmol/L NaCl, 5 mmol/L KCl, 1.25 mmol/L MgC12, 1.25 mmol/L CaCl2, 20 mmol/L Tris HCl, 0.05% bovine serum albumin, pH 7.1) with 0.2 nmol/L 3H-PN200-110 (86.2 Ci/ mmol), with and without 1 ,uM nifedipine. Assays were incubated for 60 minutes at 37°C, filtered, and counted as described above. Nonspecific binding was determined with the addition of 1 ,M nifedipine. At 40 ,ug of membrane protein, specific binding was >60%. Dihydropyridine receptor binding studies were performed using eight concentrations (0.05 to 1.2 nmol/L) of 3H-PN200-110 and 40 ,ug of membrane protein in dihydropyridine buffer, with an assay volume of 150 ,L. Assay tubes were wrapped in foil to protect the 3H-PN200-110 and nifedipine from UV light. An additional series of experiments were performed in a dark room with a sodium lamp providing illumination, and the results were similar. Incubation, filtration, and counting were performed as described above.
Analysis
Data were expressed as mean+± SEM. Data were analyzed using the SAS program (SAS Institute, Inc) on an IBM-PC 486. For multiple comparisons, Student's t test with Bonferroni (Dunn) correction was used to determine statistical significance of the differences among the three or four groups; thus, when three comparisons were made, a value of P<.017 was used to determine significance. The significance of changes (P<.05) in the mechanical restitution and postextrasystolic potentiation responses was tested with a paired t test.
Results

Hemodynamics
The hemodynamics for the 1-day pacing group, the 4-to 7-week pacing group, and sham-operated controls arê >A X, shown in the In sham-operated control dogs, neither increasing nor decreasing preload and afterload affected the mechanical restitution response significantly (Fig 6) . In shamoperated control dogs (n=4), LV dP/dt was significantly depressed from 3059±173 mm Hg (intact state) to 1849±73 mm Hg (ganglionic blockade plus diltiazem), which is similar to the depression in LV dP/dt observed 1 day after pacing. This maneuver, unlike 1 day of ventricular pacing, did not change the initial phase of mechanical restitution (Fig 6) (Fig 7) . At this time, not only did baseline hemodynamics fully recover, but responses to mechanical restitution, postextrasystolic potentiation, and isoproterenol also returned to prepacing baseline levels (Fig 8) .
Ryanodine Receptors
There was a significant decrease (P<.017) in ryanodine receptor binding (808±42 fmol/mg) in the animals after 1 day of rapid ventricular pacing as compared with the sham-operated control animals (1013±25 fmol/mg) (Fig 9) . Ryanodine receptor binding was also significantly depressed similarly (P<.017) in the animals with 4 to 7 weeks of pacing-induced heart failure (782±61 nmol/L). In the 4 dogs in which it was measured, 3H-ryanodine binding density was no longer significantly depressed at 5 days after cessation from 1 day of pacing (Fig 8) .
Dihydropyridine Receptors 311-PN200-110 binding was not significantly different among the three groups (sham operated, 149±16 fmol/ mg; 1-day pacing, 130±8 fmol/mg; 4 to 7 weeks of pacing, 164±9 fmol/mg) (Fig 10) . The KD was also not significantly different among the three groups (sham operated, 0.11±0.03 nmol/L; 1-day pacing, 0.12+0.01 nmol/L; 4 to 7 weeks of pacing, 0.09±0.02 nmol/L).
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Discussion
In the present investigation, conscious dogs demonstrated a significant depression in myocardial contractility at 1 day after initiating pacing, ie, LV dP/dt fell by 36±2%. At this time, ryanodine receptor binding was also significantly reduced by 20%. Thus, loss of ryanodine receptor binding may be one mechanism initiating the decline in myocardial contractility. Ryanodine has been shown to specifically bind to the SR foot process calcium channel, which is involved in the release of calcium.27,28 In myocardial tissue, ryanodine binds with both high and low affinity. The physiological significance of the changes in calcium release channel by ryanodine binding is complex. We chose to assess the physiological significance of the changes in calcium release channel by studying the responses to postextrasystolic potentiation and mechanical restitution, which provide a rough physiological correlate of calcium release from the SR in vitro. 3435 Our study evaluated this in vivo in conscious dogs before and after 1 day of pacing. If the 20% reduction in ryanodine binding sites at 1 day after pacing were of physiological significance, we would predict that the postextrasystolic potentiation and mechanical restitution relations would be depressed. Indeed, we observed such a depression after 1 day of pacing (Fig 5) showed that at test pulse intervals less than the priming frequency, there was little effect of load on the time constant or slope in isolated, ejecting dog hearts. In the present study, direct assessment of preload (LV end-diastolic diameter) and afterload (LV systolic wall stress) demonstrated no change after 1 day of pacing, at a time when both ryanodine receptors and the physiological response to mechanical restitution were reduced. Finally, the effects of alterations in preload and afterload on the mechanical restitution response were examined. There was no significant effect over the ranges of preload and afterload examined (Fig 6) .
The current data may help to understand more fully the recent observations on alterations in 13-adrenergic signaling in this model, which are apparent at 1 day after pacing but become more severe during the development of heart failure.' Interestingly, the response to catecholamines is depressed out of proportion to the deficit in ,l-adrenergic signaling mechanisms after 1 day of pacing in this model, ie, at this time the response of LV dP/dt to a dose of isoproterenol was depressed by 52±7% in the face of only modest alterations in 3-adrenergic receptor-adenylyl cyclase coupling. ' The data in the current investigation demonstrating alterations in excitation-contraction coupling at 1 day after pacing could reconcile these findings and provide further physiological support to the concept that altered ryanodine receptor binding early in the development of heart failure contributes to the depressed contractility not only at baseline but also in response to inotropic stimulation.
While these data are consistent with the observed decrease in ryanodine binding, they do not exclude other potential abnormalities in the gating function of the calcium release channel. In this regard, D'Agnolo et a136 observed a marked increase in caffeine threshold in skinned fiber preparations from humans with dilated cardiomyopathy, although the rate and extent of caffeine-induced calcium release were not different.
An additional feature of this investigation involved monitoring recovery from 1 day of pacing. Interestingly, baseline hemodynamics remained slightly depressed at 3 days after cessation of pacing but had fully recovered by 5 days after cessation of pacing. Furthermore, responses to isoproterenol, postextrasystolic potentiation, and mechanical restitution completely recovered at 5 days after pacing. Thus, the significant alterations in excitation-contraction coupling and P-adrenergic receptor stimulation are fully reversible after 1 day of pacing.
In summary, the present investigation demonstrated that changes in excitation-contraction coupling and potentially the SR calcium release channel occur early in the development of heart failure and therefore may be important in the pathogenesis of the contractile abnormalities in this disease state. These conclusions are based on (1) inference from the observation that physiological responsiveness to ,B-adrenergic receptor stimulation is depressed out of proportion to the alterations in /3-adrenergic receptor signaling, (2) biochemical determinations of reduced ryanodine receptor density, and (3) physiological determination of depressed responses to postextrasystolic potentiation and mechanical restitution.
